The constitutional t(11;22) is the most frequent recurrent non-Robertsonian translocation in humans, the breakpoints of which are located within palindromic AT-rich repeats on 11q23 and 22q11 (PATRR11 and PATRR22). Genetic variation of the PATRR11 was found to affect de novo t(11;22) translocation frequency in sperm derived from normal healthy males, suggesting the hypothesis that polymorphisms of the PATRR22 might also influence the translocation frequency. Although the complicated structure of the PATRR22 locus prevented determining the genotype of the PATRR22 in each individual, genotyping of flanking markers as well as identification of rare variants allowed us to demonstrate an association between the PATRR22 allele type and the translocation frequency. We found that size and symmetry of the PATRR22 affect the de novo translocation frequency, which is lower for the shorter or more asymmetric versions. These data lend support to our hypothesis that the PATRRs form secondary structures in the nucleus that induce genomic instability leading to the recurrent translocation.
INTRODUCTION
The constitutional t (11;22) is the most frequent recurrent nonRobertsonian translocation in humans. Carriers of this balanced translocation usually have no clinical symptoms and are often identified after the birth of offspring with an unbalanced form of the translocation, the supernumeraryder(22)t(11;22) syndrome (Emanuel syndrome). Patients with the supernumerary-der (22) syndrome have a distinctive phenotype, which consists of severe mental retardation, preauricular tag or sinus, ear anomaly, cleft or high-arched palate, micrognathia, heart defects and genital abnormalities in the male (1 -3).
The t (11;22) translocation represents a good model for studying the molecular mechanisms that contribute to genomic rearrangements. There are several reports describing multiple cases of t (11;22) balanced carriers including de novo cases (1, 2, 4) . The recurrent nature of this translocation prompted the examination of the t(11;22) breakpoints for a specific genomic structure, culminating in the identification of palindromic AT-rich repeats at both breakpoint regions on chromosomes 11q23 and 22q11 (PATRR11 and PATRR22) (5 -8) . All the breakpoints were located within the PATRR11 and PATRR22, near the center of the PATRR but different at a nucleotide level among individual families, confirming that the rearrangement is recurrent (9) . Indeed, translocation-specific PCR using the sequences flanking the translocation junction fragments from both derivative translocation chromosomes detected multiple de novo t (11;22) s in sperm derived from normal healthy males (10) . † The nucleotide sequence data reported in this paper will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases with the accession numbers: AB533274, AB533275, AB533276, AB533277, AB538236, AB538237, AB538238 and AB538239.
In our previous study, we demonstrated that the nucleotide sequence of the PATRR11 was hypervariable and varied among individual alleles. We calculated the de novo translocation frequency based on the occurrence of positive PCRs and reported that the polymorphisms of the PATRR11 affected the de novo translocation frequency (11) . It is reasonable to hypothesize that PATRR22 polymorphisms might be another important factor in the generation of the t(11;22) translocation, although the data also showed that the PATRR22 has little influence on the frequency. Our recent studies have indicated that the PATRR22 also manifests variation at the nucleotide sequence level, but we did not find any large-scale size polymorphism similar to the insertion/deletion polymorphism seen for the PATRR11 (6) . Indeed, the translocation frequency varies moderately among individuals with the same PATRR11 genotype, promoting the speculation that subtle polymorphisms in the PATRR22 affect this variation.
In this study, we analyzed the de novo t(11;22) translocation frequency as a function of the PATRR22 allele type. It is well documented that the PATRR22 is located at one of the chromosome 22-specific low-copy repeats (LCR22-B), which have been identified at multiple loci on 22q11 (12) (13) (14) . The duplicated sequences share 97-98% sequence homology with each other, preventing genotyping of the PATRR22. This is due to competing sequence that produces excessive background during PCR amplification (6) . In the current study, we utilized the genotypes of PATRR22-flanking marker to determine whether the de novo t(11;22) translocation frequency could be associated with variation of the PATRR22. Further, we optimized PCR conditions for amplification of the PATRR22 using new LCR-specific primers. This approach identified rare PATRR22 variants facilitating the ability to analyze the association between PATRR22 variation and t (11;22) formation.
RESULTS

PATRR22 genotype did not affect the total frequency of de novo t(11;22)s
To investigate the effect of PATRR22 polymorphisms on the frequency of de novo t(11;22) formation in sperm from normal healthy males, the translocation frequency in individuals with various PATRR22 genotypes was determined. To avoid the potential effects introduced by PATRR11 polymorphisms, individuals homozygous for the L-PATRR11, the allele most commonly seen in the Japanese population, were selected (11) . Among these subjects, the frequency of translocation ranged from 6.01 × 10 26 to 1.65 × 10
24
, a relatively narrow range when compared with variation of greater than three orders of magnitude induced by polymorphisms of the PATRR11. The AT-rich region flanking the PATRR22 manifests size polymorphisms (A allele, 355 bp; B allele, 179 bp; C allele, 121 bp) (6) . The initial analyses of eight PATRR22 alleles from four individuals suggested that these polymorphisms appeared to be linked to the PATRR22 polymorphisms. This linkage disequilibrium was confirmed by further analyses of additional 16 alleles (3 A alleles, 6 B alleles and 7 C alleles; data not shown). Thus, we utilized these polymorphisms as a surrogate for the genotype of the PATRR22, which is difficult to determine. We identified three major genotypes, A/C, B/C and C/C. Although the total translocation frequency varies among individuals (Table 1) , we found no statistical difference among the A/C, B/C and C/C groups (P ¼ 0.14).
PATRR22 allele type affects the frequency of de novo t(11;22)s
To circumvent the effect of various factors that potentially affect translocation generation, we determined the allelic origin of each translocation product and determined the allelespecific translocation frequencies in each individual (Fig. 1 ). In the case of A/C heterozygotes, the translocation was more frequently generated from the C allele than from the A allele (P ¼ 0.0033; Table 2 ). The PATRR22, regardless of the genotype of the AT-rich region, manifests an almost perfect palindromic structure, showing .98% homology between the proximal and distal arms (Table 3) . However, the size of the A allele PATRR22 is 583 bp, which is 14 bp shorter than that of C allele PATRR22 (597 bp). The A allele PATRR22 carries a short asymmetric region at its center, whereas the C allele of the PATRR22 does not. Thus, short size or central asymmetry might influence the relatively low translocation frequency of the A allele.
Although the percentage of translocations from the C allele was marginally greater than that from the B allele in B/C heterozygotes, statistical analysis indicated no significant difference (P ¼ 0.06). The size difference between the B and the C alleles is only 2 bp (595 bp versus 597 bp) and both are similar in their symmetry (Table 3) . Since allelic preference varied among individuals, it is hypothesized that subtle nucleotide alteration among the same allele type might influence the variation of the translocation frequency. We sequenced both the B and the C allele PATRR22s in all six B/C heterozygotes. All the sequences from the B and C allele PATRR22s were identical to one another except one case that manifested a two-nucleotide substitution in the To investigate the potential role of secondary structure on translocation frequency, we calculated DG and the DG value normalized with size. It is assumed that PATRRs with a lower DG value would show a greater propensity for secondary structure leading to a higher translocation frequency. However, these values did not appear to correlate with the translocation frequency ( Table 3 ).
Identification of rare variants that produced t(11;22) less frequently
To elucidate the effect of size and symmetry more completely, we attempted to identify individuals carrying shorter or more asymmetric PATRR22 variants, which are rare. The LCR22s share 97-98% sequence homology with each other. Therefore, polymorphisms of the PATRR22 are difficult to analyze because PCR amplification is always accompanied by multiple PCR products emanating from other LCR22s (6). PCR primers located at sites with subtle nucleotide difference among the LCR22s allowed us to reduce the background amplification ( Fig. 2A and B) . Occasionally, the PCR amplified non-specific products from other LCR22s, such that we could not use this system to accurately determine the PATRR22 genotype. However, we could utilize this PCR for the identification of rare size variants of the PATRR22 by screening individuals who did not carry the standard 597 bp PATRR22 on either allele. Over 200 male volunteers were screened and we eventually identified two individuals (Fig. 2C) .
One B/C heterozygote (Case 15) was found to carry two short PATRR22s. Sequence analysis revealed that both the B and C alleles manifest a symmetric structure and the sizes were 553 and 509 bp, respectively ( Table 4 ). The total translocation frequency for this male was similar to that of others, but the shorter 509 bp variant produced fewer translocations than the 553 bp variant (18 versus 82%). This result clearly indicates that the size of the PATRR22 affects the translocation frequency. Another case, a C/C homozygote (Case 16), was also found to carry two short PATRR22s, the sizes of which are 539 and 457 bp ( Table 4 ). The 539 bp allele was found to be symmetric, whereas the 457 bp allele manifests an asymmetric structure. The total translocation frequency for this male was also similar to that of others, but the translocations were exclusively derived from symmetric 539 bp PATRR22. Predicted secondary structures for these alleles are shown in Figure 3 . The 457 bp PATRR22 manifests an asymmetric structure with a large single-stranded loop at the center. However, we did not determine whether size or symmetry affected the allelic bias.
The AT-rich region flanking the PATRR22 also produces translocations
During the course of analysis of the de novo t(11;22)s derived from A/C heterozygotes, we unexpectedly identified a variant der(22) product, which originated from the A allele (Fig. 4) . The breakpoint on chromosome 11 was located at the center of the PATRR11, which is consistent with the standard t(11;22) breakpoints. However, the breakpoint on chromosome 22 was located at the center of the 355 bp flanking AT-rich region of the A allele (AB538239). The 355 bp AT-rich region forms a quasi-palindromic structure similar to the PATRR. When the entire 355 bp was analyzed, the homology between the arms was 89.3% (Table 3) . However, when the central 229 bp region was analyzed separately, the homology was 93% forming an almost perfect palindrome (Fig. 3) . We increased the number of PCRs to estimate the frequency of this rare translocation. This rare translocation was observed twice in a total of 400 PCRs (1.52 × 10
27
). On the other hand, we did not identify any translocations from the 457 bp asymmetric PATRR22 in 400 PCRs (,7.59 × 10
28
; data not shown). The fact that the 355 bp symmetric AT-rich region produced translocations, but the 457 bp asymmetric PATRR22 did not indicates that not only size but also symmetry is an important factor in determining the translocation frequency.
DISCUSSION
The data obtained in this study demonstrate that variation of the PATRR22 does not affect the total frequency of de novo t(11;22) generation in sperm. This was clearly demonstrated by the observation of a similar total translocation frequency even in compound heterozygotes of short variants. This is in contrast to the finding obtained for the PATRR11 (11). Translocation frequency appears to be stable in sperm samples from the same individual obtained at different times, suggesting that the frequency is not influenced by environmental factors (15) . In the present study, when the translocation frequency was compared among individuals with the same PATRR11 genotype, which would be likely to affect the frequency, the overall frequency was similar among the group with different PATRR22 genotypes. One likely reason is that PATRR22 variation is less pronounced relative to the insertion/deletion polymorphisms of the PATRR11 resulting in less change in the translocation frequency. Another reason might be that variation of the translocation frequency based on the genotype of the PATRR22 was so subtle that the effects of variation in other genetic factors obscured any association. Such factors might include interindividual differences in genetic predisposition of fidelity in DNA repair (16) . For example, although the A allele produced a significantly smaller number of translocations than C alleles, one rare A/A homozygote, which was predicted to produce translocations less frequently, was actually found to manifest a frequency comparable to others such as the C/C homozygotes (Table 1) . In this subject, a certain genetic factor that promotes generation of translocations possibly raised his translocation frequency in spite of the adverse effect of the A/A genotype.
In contrast, comparison of the allelic origin of translocations within an individual allowed us to compare the translocation frequency within a similar genetic background, which clearly demonstrated allelic preference. (i) The A allele (583 bp) produced less translocations than either the B or the C allele (595 and 597 bp, respectively). (ii) A short rare variant (509 bp) produced less translocations than the opposing allele (553 bp). (iii) An asymmetric short variant (457 bp) did not produce any translocations. (iv) An AT-rich flanking region (A allele) that manifested a symmetric palindrome produced translocations despite its short length (355 bp). Taken together, our data indicate that size and symmetry of the PATRR22 affect the translocation frequency, which is consistent with the findings obtained for the PATRR11.
The mechanism of PATRR-mediated chromosomal translocation in humans is still unknown. Analyses of several other recurrent and non-recurrent translocations demonstrated the presence of PATRR-like genomic structures at the breakpoint region, suggesting that at least a certain subset of translocations are mediated by the PATRRs (17, 18) . Palindromic DNA can generate intra-strand base pairing, which produces (22); a standard der (22) with the breakpoint at the center of the PATRR22 of the A allele (a), a rare der (22) with the breakpoint at the center of the AT-rich region of the A allele (b), and a standard der (22) with the breakpoint at the center of PATRR22 of the C allele (c). (B) The der(22)-specific PCR. The allelic origin of the der(22) can be determined by its size. Lanes 1 and 5, a der (22) derived from a C allele; lanes 9 and 13, a der(22) derived from an A allele; lane 2, a rare der (22) with the breakpoint at the center of AT-rich region of the A allele. M, size markers; P, DNA from a t(11;22) translocation carrier served as a positive control.
Human Molecular Genetics, 2010, Vol. 19, No. 13 2635 a single-stranded hairpin structure or a double-stranded cruciform structure (19, 20) . Such secondary structures are likely to be generated during the DNA replication and likely form hotspot for genomic rearrangement (21) (22) (23) . It is possible that the PATRRs also adopt a cruciform structure that induces genomic instability leading to the recurrent translocations (24) . In vitro analysis has demonstrated that longer and more symmetric PATRR variants show a greater potential to adopt a cruciform conformation (25) . The data that the size and symmetry of the PATRR11 and PATRR22 affect the translocation frequency indirectly provide a strong suggestion that the PATRRs form cruciforms in living cells and that the cruciform secondary structure mediates the recurrent chromosomal translocations. We recently established a plasmid-based model system for PATRR-mediated translocations in human cell lines and demonstrated that the DNA secondary structure was necessary for initiation of rearrangement between the PATRRs (26) . A more thorough analysis of PATRR-mediated translocations would reinforce the hypothesis that DNA secondary structure governs the gross chromosomal rearrangements.
MATERIALS AND METHODS
Genotyping of the PATRR22
All human samples were provided from individual volunteers in a Japanese population after obtaining the appropriate informed consent. The study was approved by the Ethical Review Board for Human Genome Studies at Fujita Health University. For the analysis of polymorphisms of the PATRR, genomic DNA was extracted from blood samples or cheek swabs using PureGene (Gentra). The PATRR11 was genotyped by PCR using primers described previously (11) . For the PATRR22, the size polymorphisms of the AT-rich region flanking the PATRR22 (A allele, 355 bp; B allele, 179 bp; C allele, 121 bp) were first determined. This polymorphism is known to link to polymorphisms of the PATRR22 (6). Next, the PATRR22s were amplified using LCR-specific primers designed for this study. Primer 2469F:
′ . The purified PCR products were cloned into pT7Blue vector (Novagen). We used the SURE strain (Stratagene) to maintain the unstable PATRR insert. The plasmid inserts were sequenced as described previously (27) . Sequences were determined from at least three plasmid clones to avoid misinterpretation as a result of PCR artifacts.
Assessment of de novo translocation frequency
Sperm samples were provided from individual volunteers with various genotypes of the PATRR22. DNA was extracted using PureGene according to the manufacturer's protocol. Translocation-specific PCR was performed with the appropriate primers as described previously (4) . PCR was performed using a protocol of 40 cycles of 10 s at 988C and 5 min at 608C. The frequency of de novo translocation events was calculated based on the presence of positive PCRs (10) . Briefly, we amplified multiple batches of 100 ng sperm DNA each containing 33 000 haploids (n). We counted the number of positive PCRs per total reactions (p). The translocation frequency (q) was calculated on the basis that the probability of a positive PCR corresponds to a total sum of a binomial series of the translocation frequency calculated using the equation p ¼ 1 2 (1 2 q) n as described previously. The frequency of de novo t(11;22) was determined using the der(22)-specific PCR so that the allelic origin of the translocation could be easily assessed (Fig. 1) . The PCR was performed using one primer located flanking the PATRR11 (11 + 290R2: 5 ′ -CTTTCTTAACATAGCTTCTAC-AC-3 ′ ) and the other flanking the PATRR22 (22 2 394F: 5 ′ -TCAGTTTATT CCCAAACTCCCAAAT-3 ′ ). In the case of an A/C heterozygote, the allelic origin of the translocation is easily identified by the size of the PCR products (Fig. 1B) . In the case of a B/C heterozygote, a second PCR was performed using primer pair, 22 2 394F and 22b (5 ′ -CTGCATCCTTCAAC GTTCCATC-3 ′ ; Fig. 1B ).
In silico cruciform extrusion assay
The potential secondary structure of the PATRR22 as well as of the rare variants identified in the current study (Table 3) was analyzed using the m-fold server (http://www.bioinfo.rpi. edu/applications/mfold). A free energy value (G CRUCIFORM ) was obtained (28) . Similarly, a free energy value for the same sequence annealed to its complementary strand (G DS ) was obtained and then halved. Free energy for the formation of secondary structure (DG) is the G DS 2 G CRUCIFORM difference, and this value was normalized by the nucleotide number (DG/nucleotide). The most negative free energy value was used for subsequent analyses when numerous values were obtained.
Statistical analysis
Statistical comparisons between groups were performed using the Student's t-test and one-way analysis of variance (ANOVA). Differences were considered to be significant at P , 0.05.
